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Interesting Physics

Science Magazine 
Breakthrough of the Year for 

1998:
The Accelerating Universe

Science Magazine 
Breakthrough of the Year for 

2003:
The Dark Energy





Spectroscopy



Redshift

Faint nebulae (galaxies) were observed to 
have the same spectral lines shifted with 
respect to their bright counterparts

λ

λ0
= 1 + z

v = zc

The shift is wavelength independent described 
by the “redshift” z

At the time, interpreted as radial velocity

Wavelength



Hubble Law
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Hubble & Humason 
(1931)

A linear relationship 
between galaxy redshift 

(velocity) and 
brightness (distance)

d = H0
v

c



Feature of the Hubble Law
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The Age of the Universe?

When was the Big Bang if we use this linear 
extrapolation?

H0=558 ± 10% km/s/Mpc (Hubble & Humason 
1931)

Age of the Universe is 1.75 Gyr

H0=71 ± 3 km/s/Mpc (Eidelman et al. 2004)

Systematic errors are important!



Gravity and Acceleration

The force of 
gravity should 
provide some 
kind of 
acceleration, not 
a constant 
velocity

Seen through the 
deviation from 
the linear Hubble 
law
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Acceleration

Deceleration



Standard Candle: Type Ia Supernovae

Defined empirically as supernovae without Hydrogen but with Silicon

Progenitor understood as a C/O White Dwarf accreting material from a 
binary companion

As the White Dwarf reaches Chandrasekhar mass, a thermonuclear 
runaway is triggered

A natural triggered and standard bomb



Type Ia Supernovae as Standard Candles

After correction for 
foreground dust, 
supernovae have peak-
magnitude dispersion of 
0.25 - 0.3 magnitudes

After correction for light-
curve shape supernovae 
become “calibrated” 
candles with ~0.15 
magnitude dispersion

440 nm



Supernova Results

Look for 
new 

results 
soon from 

SNLS!



Cosmology Theory

Kinematics to Dynamics

Cosmological principle: a homogeneous and 
isotropic Universe can be described by a single 
function, the scale factor a(t)

Robertson-Walker metric

  k = -1, 0, 1 for open, flat, or closed geometries

ds2 = −dt2 + a2(t)
[

dr2

1− kr2
+ r2dΩ2

]



Friedmann Equations

Combine R-W metric and General Relativity 
to give the equations of motion for a(t)

“Newton’s Law of Gravitation”

“Conservation of Energy”

ρ - Energy density of the Universe’s constituents
p - Pressure of the Universe’s constituents

Acceleration

ä

a
= −4πG

3
(ρ + 3p)

p < −ρ

3
→ ä

a
> 0

(
ȧ

a

)2

≡ H2 =
8πG

3
ρ− ka−2



Normal vs Strange

Solve Friedmann Equations depending on 
what the Universe is made of (k=0)

ρ ∝ a−3; p = 0→ a(t) ∝ t2/3

ρ ∝ a−4; p =
ρ

3
→ a(t) ∝ t1/2

ρ ∝ a0; p = −ρ→ a(t) ∝ eHt

ρ ∝ a−3(1+w); p = wρ→ a(t) ∝ t
2

3(1+w)

Non-relativistic matter:
Radiation:

Cosmological Constant
w=-1 :

Dark Energy:

ä > 0

ä > 0 if w < −1
3

ä < 0

ä < 0

Fit data with the free parameters: ρx, k, and w



Common Notation

Parameterize w

w(a) = w = constant

w(a) = w0+wa(1-a)

                          dimensionless energy densityΩX =
8πGρX

3H2
0



Connection to Hubble Diagram

Redshift due to adiabatic expansion of the 
Universe

Brightness
f =

L

4π(1 + z)2d(z)2

d(z) =
∫ z

0

dz′

H(z′;ΩX , w0, wa)
; k = 0

= sin−1

(∫ z

0

dz′

H(z′;ΩX , w0, wa)

)
; k = 1

= sinh−1

(∫ z

0

dz′

H(z′;ΩX , w0, wa)

)
; k = −1

a0

a
= (1 + z)



Supernova Results

0 1 2 3
1

0

1

2

3

Ω

ΩΛ

No Big Bang SCP 2003
Knop et. al. (2003)

FlatOpen

Accelerating

Closed

Decelerating

68%, 90%, 95%, 99%

M

Recollapses Eventually
Expands Forever



Concordance



Implications of an Accelerating Universe

The energy density of the Universe is dominated 
by an unexpected form of negative-pressure 
dark energy

The Cosmological Constant

Some other dynamical field

Modified Gravity

• Why so small?

Might expect   ~ m

This is off by ~120 orders of magnitude!

8 G

4

Planck

• "Why now?"

R  = – 4 G ( + 3p)

MATTER:     p = 0 R

VACUUM ENERGY:    p = – constant

R   3

–3

..

time

energy

density

mass
  energy
     density

vacuum
energy
density



Gravitational Lensing



Review of  Weak Lensing

True Background Lensed Image

True Background Lensed Image
Courtesy of Gary Bernstein

Weak lensing 
requires the 

measurement of 
many galaxy shapes 
to extract average 

trends



Dark Energy Signals in the WL Sky

δθ

α=4GM/bc2

DS

DLS

b

�δθ =
4GM
bc2

D LS

D S
We observe this deflection angle 
(more precisely, gradients of the 
deflection angle).

Cosmology changes 
growth rate of mass 
structures in the Universe.

Cosmology changes 
the geometric distance 
factors.

Courtesy of Gary Bernstein



Redshift to Distance

d(z) =
∫ z

0

dz′

H(z′;ΩX , w0, wa)
; k = 0

= sin−1

(∫ z

0

dz′

H(z′;ΩX , w0, wa)

)
; k = 1

= sinh−1

(∫ z

0

dz′
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)
; k = −1



Dark Energy Signals in the WL Sky

δθ

α=4GM/bc2

DS

DLS

b

�δθ =
4GM
bc2

D LS

D S
We observe this deflection angle 
(more precisely, gradients of the 
deflection angle).

Cosmology changes 
growth rate of mass 
structures in the Universe.

Cosmology changes 
the geometric distance 
factors.

Courtesy of Gary Bernstein



Mass fluctuations that produce lensing

Sloan Digital Sky 
Survey 

(COSMUS)



Cosmic Microwave Background

Universe is 
filled with 
radiation



Thermal Universe

The Universe used to be a lot hotter

                adiabatically expanding Universe

The Universe was a plasma of protons, electrons, 
and photons

At z~1000 (T~3000 K) neutral Hydrogen formed 
(recombination) - photons no longer coupled to 
matter

CMB photons streaming to us from the surface of 
last scattering

T ∝ a−1



NASA/WMAP Science Team

Precision measurements show Temperature fluctuations

Temperature Map

dT

T
∼ 10−5



Temperature Fluctuations =
Energy Density Fluctuations

Temperature fluctuations are due to energy 
density fluctuations (δ=dρ/ρ)

Acoustic compression

Gravitational redshift

Doppler effect

from Hu



Density Fluctuations Grow
Radiation pressure turns off after recombination, matter 
is free to cluster gravitationally

Evolution of density perturbations

δ =
ρ− ρ̄

ρ̄

CMB as an initial condition + dark-energy-dependent 
clustering characterize the lensing mass

δ̈ + 2H(z;ΩX , w0, wa)δ̇ − 3
2
Ω(z)H2(z;ΩX , w0, wa)δ = 0



Dark Energy Signals in the WL Sky

δθ

α=4GM/bc2

DS

DLS

b

�δθ =
4GM
bc2

D LS

D S
We observe this deflection angle 
(more precisely, gradients of the 
deflection angle).

Cosmology changes 
growth rate of mass 
structures in the Universe.

Cosmology changes 
the geometric distance 
factors.

Courtesy of Gary Bernstein



Dark Energy Lensing Results– 11 –

Fig. 3.— Contour plots of χ2 for the (Ωm, σ8) plane (left) and the (Ωde, w) plane (right) for the constant w dark
energy models. Both plots show the effect of adding the data sets sequentially. In each case the contours enclose the
68% and 95% confidence regions. The black ×’s are the best fit models in each plane. The cyan × in the left plot is
the best fit from the ΛCDM prior (Figure 2).

{w(z = 0.4), wa}, the likelihood contour for the primary region of significance (ignoring the secondary
peak at wa = 3.5) becomes vertical. This indicates that our pivot redshift, or “sweet spot” (Hu 2002; Hu &
Jain 2004), where the constraints of the dark energy are strongest, is at a redshift of about 0.4. We constrain
w at this redshift, marginalizing over wa (and everything else) below.

Because the degeneracy is somewhat curved, if we include the secondary peak, this redshift moves up
to about 1.6. However, we believe that this result is mostly due to the forced nature of the constant dw/da

dark energy models, and the accident that such models with wa > 2 and w(a = 0) ≈ 1 have approximately
the same angular diameter distance to the CMB as a ΛCDM model. This distance is the primary constraint
that we get from the CMB with regards the the dark energy, and it is dominating the likelihood contours at
large wa. Since realistic dark energy models would generally have w < 0 for all a, we do not feel that this
higher pivot redshift is physically relevant.

We note that Riess et al. (2004) found somewhat better constraints for the w − wa contours than we
show here. This is because they imposed an additional prior of Ωm = 0.27 ± 0.04, which helped to reject
the high values of wa. Also, both studies impose a prior of Ωk = 0. Removing this prior would cause the
error contours to expand even further than they have in Figure 4.

Jarvis et al. (2005)

From a 75 square 
degree survey from 

CTIO
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A Next Generation Experiment

We want to know more
Confirm that our cosmological models are OK.

Precision measurements of the cosmological parameters.

Understand the nature of the Dark Energy and the implications for 
fundamental physics.

A new experiment must
Give a large statistical sample,

Control sources of systematic error. 

   Provided by a Space Mission
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SNAP Telescope
2-m primary aperture, 3-mirror anastigmatic design.

Provides a wide-field flat focal plane.
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Instrumentation: Imager
•
A large solid-angle 

camera (0.7 square 
degrees) provides 
multiplexed supernova 
discovery and followup.

•
Covers wavelength region 
of interest, 0.35- 1.7 
microns.

•
Fixed filter mosaic on top 
of the imager sensors.
—
3 NIR bandpasses.
—
6 visible bandpasses.

•
Coalesce all sensors at 
one focal plane.
—
36 2k x 2k HgCdTe 

NIR sensors covering 
0.9-1.7 μm.

—
36 3.5k x 3.5k CCDs 
covering 0.35-1.0 μm.

rin=6.0 mrad;  rout=13.0 mrad
 rin=129.120 mm;  rout=283.564 

mm

CCDs

Guider

HgCdTe

Spectr. port
Spectrograph



38

Spectrograph

Integral field unit based on an imager slicer- Data cube.

Input aperture is 3” x 3” – reduces pointing accuracy requirement

Simultaneous SNe and host galaxy spectra.

Internal beam split to visible and NIR.



Why Space?
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Sky emission the dominant source of noise



Resolution

Point Spread Function

Background

Resolved sources

ground
0.8”

space
2m, 1μm
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Simulated Light Curves

z=1.
6

SNAP 6.5-m ground-
based telescope



PSF Number counts vs size

Finer PSF 
resolves more 

galaxies at higher 
redshifts

courtesy of J. Rhodes



PSF Instability

2 PSF maps taken minutes apart on Keck.  The pattern of PSF 
anisotropy has changed dramatically.  Corrections on scales smaller 

than the star-star separation are not possible.  This is likely a 
fundamental limit from the ground due to thermal instability.

courtesy of J. Rhodes
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Cosmological Parameter Determination
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Cosmological Parameter Determination

•
 Shown is the w0,w' confidence region of this Monte Carlo 
realization of the SNAP experiment.  There is a prior on ΩM and 
300 low-z SNe.  An irreducible systematic is included.

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2

-1

0

1

w0

wa

ΛCDM

SUGRA

SNAP WLCCC (stat)

SNAP SNIa

SNAP WLCCC (stat)

SNAP SNIa
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Conclusion


